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!  Parity Violating e-N : Precision test of SM 
        JLab 6 GeV results, Planned SoLID Measurement  
!  Quark-gluon Structure of Nuclei 
!  EIC Programs 



Parity-Violating (PV) Electron Scattering 
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- β is a kinematic factor
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• Established experimental technique: δ(APV) < 10 ppm
• Cleanly observed weak-electromagnetic interference
• sin2θW = 0.224 ± 0.020: same as in neutrino scattering

APV in Deep Inelastic Scattering off liquid Deuterium: Q2 ~ 1 (GeV)2 
E122 at the Stanford Linear Accelerator Center (SLAC) (1978) 
20 GeV polarized electron beam on a 30 cm LD2 target 



•  Steady progress in technology
•  part per billion systematic control
•  1% normalization control

MeV to TeV Physics 
1970s 

1980s 

Recently completed 

Future 
Ongoing 

Parity-violating electron scattering has become a precision tool  

• Nucleon Structure Physics
• Valence Quark Physics 
• Many-Body Nuclear Physics

Address fundamental physics 
issues over a large range of 
energy scales  

• Search for New TeV Physics



Parity Violating Deep-Inelastic Scattering 
 

Precision Test of Standard Model 
Unique Information on Nucleon Structure  





JLab 6 GeV PVDIS Results
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first experimental determination that an axial quark 
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D. Wang et al., Nature 506, no. 7486, 67 (2014) 



PVDIS	with	SoLID	@	JLab12	
	

•  High Luminosity on LD2 and LH2  
•  Better than 1% errors for small bins 

over large range kinematics 
•  Test of Standard Model  
•  Quark structure:  
      charge symmetry violation 
      quark-gluon correlations  
    d/u at large-x  



Parity Violation with SoLID 

PVDIS		asymmetry	has	two	terms:		
	1)		C2q	weak	couplings,	test	of	Standard	
Model		
	2)		Unique	precision	informaCon	on	
quark	structure	of	nucleon		

6	GeV	PVDIS	

SoLID-PVDIS	

Mass	reach	in	a	composite	model,		
SoLID-PVDIS		~	20	TeV,	sensiCvity		
match	LHC	reach	with	complementary	
Chiral	and	flavor	combinaCons		
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Figure 4.2: Projected statistical uncertainties on the sin2 ✓
W

in a series of Q2 bins (
p
s = 140

GeV, 200 fb�1.) The black points are published results while the blue points are projections
from the JLab program.

uncertainty is A
PV

in e�2H collisions. A
PV

is constructed by averaging over the hadron3085

polarization and measuring the fractional di↵erence in the deep inelastic scattering (DIS)3086

rate for right-handed vs left-handed electron bunches.3087

The collider environment and the hermetic detector package at high luminosity will3088

allow precision measurements of A
PV

over a wide kinematic range. In particular, the EIC3089

will provide the opportunity to make highly precise measurements of A
PV

at high values of3090

the 4-momentum transfer Q2, and in the range 0.2<⇠x<⇠ 0.5 for the fraction of the nucleon3091

momentum carried by the struck quark Bjorken-x, such that hadronic uncertainties from3092

limited knowledge of parton distribution functions and higher-twist e↵ects are expected to3093

be negligible.3094

By mapping A
PV

as a function of Q2 and the inelasticity of the scattered electron y3095

(something that is very challenging to do in fixed target experiments), a clean separation of3096

two linear combination of couplings namely 2C
1u

�C
1d

and 2C
2u

�C
2d

will become feasible3097

as a function of Q2. Thus, at the highest luminosities and center-of-mass energies envisioned3098

at the EIC, very precise measurements of these combinations can be achieved at a series of3099

Q2 values, providing an important and complementary validation of the electroweak theory3100

at the quantum loop level. Figure 4.2 shows a first estimate of projected uncertainties on3101

the weak mixing angle extracted from such a dataset [252], for a center of mass energy3102

of 140 GeV and an integrated luminosity of 200 fb�1. E↵ect of radiative corrections and3103

detector e↵ects need to be considered in future to further refine this study.3104

A unique feature of DIS A
PV

measurements is the sensitivity to the C
2i

coupling con-3105

stants which involve the amplitudes with axial-vector quark currents. While the C
2i

’s are3106

kinematically accessible at large scattering angle measurements in fixed target elastic elec-3107

tron scattering, axial-hadronic radiative correction uncertainties cloud the interpretation of3108

the measurements in terms of fundamental electroweak physics. Parity-violating DIS using3109

2H is the only practical way to measure one combination accurately, namely 2C
2u

� C
2d

.3110
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Parity Violation with EIC 



Quark-gluon Structure of Nuclei 

 Nuclear Medium as a Laboratory to Study QCD  



QCD and Nuclei 

•  Most of the strong interaction confined in nucleon, 
only residual strong interaction remains among 
nucleons in a nucleus  
•  Effective N-N interaction with meson exchanges 

•  Study QCD with nuclei 
•  Short range not well understood 
•  Nuclei at extreme conditions: QGP, CGC (gluon saturation) 
•  Nuclear medium effects 

•  EMC effect 
•  Nucleon Property in Nuclear medium  
•  Short range correlations 
•  Quark propagation in cold nuclear matter 
 



Nuclear Medium Effects: EMC Effects 

•  EMC effects, shadowing and anti-shadowing 

J. Ashman et al., Z. Phys. 
C57, 211 (1993) 
 
J. Gomez et al., Phys. 
Rev. D49, 4348 (1994) 



Are the quarks and gluons in a nucleus confined within the individual nucleons? or does2443

the nuclear environment significantly a↵ect their distributions? The EMC experiment at2444

CERN [182] and experiments in the following two decades clearly revealed that the momen-2445

tum distribution of quarks in a fast moving nucleus is not a simple superposition of their2446

distributions within nucleons. Instead, the measured ratio of nuclear over nucleon structure2447

functions, as defined in Eq. (3.7), follows a non-trivial function of Bjorken x, significantly2448

di↵erent from unity, and shows the suppression as x decreases, as shown in Fig. 3.21. The2449

observed suppression at x ⇠ 0.01, which is often referred to as the phenomenon of nu-2450

clear shadowing, is much stronger than what the Fermi motion of nucleons inside a nucleus2451

could account for. This discovery sparked a world-wide e↵ort to study the properties of2452

quarks and gluons, and their dynamics in the nuclear environment both experimentally and2453

theoretically.2454

0.6

0.7

0.8

0.9

1

1.1

1.2

0.0001 0.001 0.01 0.1 1

F
2C

a / F
2D

x

EIC

EMC      E136

NMC      E665

 Stage I

EIC  Stage II

0.5

Figure 3.21: The ratio of nuclear over nucleon F
2

structure function, R
2

, as a function of
Bjorken x, with data from existing fixed target DIS experiments at Q2 > 1 GeV2, along with
the QCD global fit from EPS09 [150]. Also shown are the respective coverage and resolution
of the same measurements at the EIC at Stage-I and Stage-II. The purple error band is the
expected systematic uncertainty at the EIC assuming a ±2% (a total of 4%) systematic error,
while the statistical uncertainty is expected to be much smaller.

Using the same very successful QCD formulation at the leading power in Q for proton2455

scattering, and using the DGLAP evolution for the scale dependence of parton momentum2456

distributions, several QCD global analyses have been able to fit the observed non-trivial2457

nuclear dependence of existing data by attributing all observed nuclear dependence including2458

its x-dependence and nuclear atomic weight A-dependence to a set of nucleus-dependent2459

quark and gluon distributions at an input scale Q
0

& 1 GeV [153, 152, 150]. As an example,2460

the fitting result of Eskola et al is plotted along with the data on the ratio of the F
2

2461

structure function of calcium divided by that of deuterium in Fig. 3.21, where the dark2462

blue band indicates the uncertainty of the EPS09 fit [150]. The success of the QCD global2463

analyses clearly indicates that the response of the nuclear cross section to the variation2464
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Nuclear Medium Effects: Coulome Sum Rule 

Probing a nucleon inside 
a nucleus 

Possible modification of the 
nucleons’ property inside nuclei 



JLab E01-015  
Precision Measurement of Coulomb Sum at q=0.5-1 GeV/c 

•  New NaI detector for 

    background control

•  Data taking last year

•  Analysis well underway

•  Expect preliminary 

    results in a few months



Short-Range Correlation Pair Factions 

Missing Momentum [GeV/c]

0.3 0.4 0.5 0.6

S
R

C
 P

a
ir

 F
ra

c
ti

o
n

 (
%

)

10

210

C(e,e’p) ] /2
12

C(e,e’pp) /
12

pp/2N from [

C(e,e’p)
12

C(e,e’pn) /
12

np/2N from 

C(p,2p)
12

C(p,2pn) /
12

np/2N from 

C(e,e’pn) ] /2
12

C(e,e’pp) /
12

pp/np from [

R. Subedi et al., Science 320 (2008) 1476).

16 



Nuclear Medium Effect: Quark Propagation 
•  Quark propagation in cold and hot matter 
             SIDIS                                        A-A Collision 

Eh =  zν ~ 2 - 20 GeV                         Eh = pT  ~  2 – 20 GeV 
(HERMES/JLab)                                      (RHIC) 



SIDIS to study hadronization 

•  Quark propagation 
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Figure 3.31: Cartoon showing a similarity of the kinematics and geometry in production of
hadrons in a hot matter created in AA collisions and in SIDIS on nuclei.

virtual photon in the nuclear rest frame fluctuates into a q̄q pair before the interaction,2939

with the quark and antiquark sharing the photon energy ⌫ in the way we can not directly2940

measure, which makes the parton energy and fraction z
h

not directly observable anymore.2941

Hence one has to conduct measurements at su�ciently large-x and large-Q2 at an EIC.2942

Accurate measurements of di↵erent observables, like the magnitude of suppression and2943

broadening at di↵erent ⌫, z
h

and Q2 with di↵erent nuclei should provide a stringent test2944

for the models of energy loss and in-medium hadronization. Furthermore, at an EIC, for2945

the first time one will be able to study open charm and open bottom meson production2946

in eA collisions, as well as the in-medium propagation of the associated heavy quarks:2947

these measurements would allow one to fundamentally test high-energy QCD predictions2948

for energy loss, and confront puzzling measurements of heavy flavor suppression in the QGP2949

at RHIC (see Sec. 3.3.2).2950
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Figure 3.32: Illustration for the characteristic time scales for in-medium hadronization: the
production length l

p

and the length l
f

of a hadron wave function formation from a colorless
dipole.

A pictorial description of the space-time development of the hadronization process in2951

a medium is presented in Fig. 3.32. A highly virtual parton produced in DIS on a bound2952

nucleon (solid broken line) intensively radiates gluons (corkscrew lines) and dissipates energy2953

though this radiation. Therefore, the production length l
p

of a (pre)hadron should shrink2954

at z
h

! 1 as l
p

/ (1 � z
h

) in order to respect energy conservation (the limit of z
h

!2955
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exchanged virtual photon, the EIC is unique for providing clean measurements of medium2584

induced energy loss when the hadrons are formed outside the nuclear medium, while it is2585

also capable of exploring the interplay between hadronization and medium induced energy2586

loss when the hadronization takes place inside the medium.2587

The amount of the medium induced energy loss and the functional form of the fragmen-2588

tation functions should be the most important cause for the di↵erence of multiplicity ratio2589

of hadrons produced in a large nucleus and that produced in a proton, if the hadrons are2590

formed outside the nuclear medium. It was evident from hadron production in electron-2591

positron collisions that the fragmentation functions for light mesons, such as pions, have2592

a very di↵erent functional form with z from that of heavy mesons, such as D-mesons. As2593

shown in Fig. 3.22 (Right), the heavy D0-meson fragmentation function has a peak while2594

the pion fragmentation function is a monotonically decreasing function of z. The fact that2595

the energy loss matches the active parton to the fragmentation function at a larger value2596

of z leads to two dramatically di↵erent phenomena in the semi-inclusive production of light2597

and heavy mesons at the EIC, as shown in Fig. 3.23 [191]. The ratio of light meson (⇡)2598

production in electron-lead collisions over that in electron-deuteron collisions (red square2599

symbols) is always below unity, while the ratio of heavy meson (D0) production can be less2600

than as well as larger than unity due to the di↵erence in hadronization.2601
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Figure 3.23: Ratio of semi-inclusive cross sections for producing a single pion (Left - place
holder) and a single D0 (Right) in electron-lead collisions to the same produced in electron-
deuteron collisions as a function of z at the EIC with two di↵erent photon energies ⌫ = 35 GeV
at Q2 = 10 GeV2 (solid symbols) and ⌫ = 145 GeV at Q2 = 35 GeV2 (open symbols) (p

T

of the hadron is integrated). The solid lines are predictions of pure energy loss calculations for
pion production (see the text).

In Fig. 3.23 the simulation results were plotted for the multiplicity ratio of semi-inclusive2602

DIS cross sections for producing a single pion (Left) and a single D0 (Right) in electron-2603

Lead collisions to the same produced in the electron-deuteron as function of z at the EIC2604

with two di↵erent photon energy ⌫ = 35 GeV at Q2 = 10 GeV2 (solid line and square2605

symbols) and ⌫ = 145 GeV at Q2 = 35 GeV2 (dashed line and open symbols). The2606
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EIC Projections: SIDIS Ratio for π and D 



Summary 
!  Partity Violating e-N: a precision tool to test Standard Model 
                 JLab 6 GeV results 
              Planned SoLID measurement  
              EIC projections 
  
!  Quark-gluon in nuclear medium  
             EMC Effects, shadowing  
             Nucleon property in nuclear medium 
             Short Range Correlations 
             Quark propagation and hadronization
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